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The field quality in superconducting magnets for particle accelerators
shows significant dependence on ramp-rate and powering history.
The main effects are outlined, based on measurement results, and the
basics of the present understanding of the effects are discussed.  The
dynamic characteristics bear implications for the magnetic
measurement techniques and data treatment.
1. INTRODUCTION
Magnetic fields in particle accelerator magnets are generated over a very large dynamic
range.  At the extreme of long time scales we have superconducting dipole magnets that
operate with large charge-up times, in the range of tens of seconds and up to steady-state.  The
other extreme, very short time scales, is well represented by the fast kicker magnets that
generate fields over time scales comparable to the spacing between bunches in a particle
beam, in the range of some tens of ns.  Several effects come into play over such a wide span
of time scales, covering different physical and engineering aspects such as eddy currents in
conducting parts, magnet inductance and capacitance, power dissipation, power supply design
and tuning, current distribution and skin effects in cables, superconductor AC loss and
stability, and, not least, field quality.  This incomplete list just hints at the complexity of the
general problem of magnet design and operation in conjunction with field dynamics.
This chapter is limited to a portion only of the domain sketched above, namely the main
aspects of field dynamics and its measurement in connection with the use of superconducting
magnets.  The motivation is that superconducting magnets are becoming more and more
common in large size and high energy particle accelerators.  Examples of working
superconducting accelerators are the proton-antiproton collider Tevatron [1] and the proton-
lepton collider HERA [2] at DESY.  At present (1997) the Relativistic Heavy Ion Collider
(RHIC) [3] is completing installation and will soon come into operation, while the Large
Hadron Collider (LHC) [4] is in the prototyping phase and will soon start construction.  As
the accelerator performance becomes more demanding, and the design capability evolves, the
importance of dynamic effects and their control in superconducting magnets grows.
Bending (dipole) and focusing (quadrupole) magnets in accelerators are generally
operated between a low field level, at which particle injection takes place, and the coast flat-
top, after the acceleration of the beam to its nominal energy.  It is common practice to
condition the magnets by means of a precycle procedure, aimed at bringing the magnet into
reproducible conditions.  The magnets are ramped between the injection level and the coast
flat-top.  As we will see, significant dynamic behaviour in superconducting magnets appears
both during the ramps and during constant current plateaux.  We will start in Section 2
subdividing the components of the magnetic field according to the different steady-state or
dynamic origin.  Sections 3, 4 and 5 will be dedicated to the phenomenology of dynamic
fields in superconducting magnets going for each effect from the discovery to their present
understanding.  Section 6 will briefly list dynamic effects not related to superconductors.
Finally, in Section 7 we discuss the peculiarities of measurement of time variable fields in
accelerator magnets.  Appendix 1 is dedicated to the magnetic field formalism, while
Appendix 2 gives some details of the behaviour of superconducting cables in a variable
magnetic field.  The treatment there is cursory because of obvious limitations, and we must
refer to the literature quoted for a deeper insight.
2. A CATALOGUE OF FIELD COMPONENTS
A systematic approach to the magnetic field analysis in an accelerator magnet is to
break the total field generated in the bore into its components of different origin.  Following
commonly accepted practice [5-8], we can identify for steady-state operation the following
components:
 
 geometric, related to the cable positions in the winding pack, the accuracy of their
placement and movements during energization;
 
 iron magnetisation, accounting for the magnetisation and saturation of the iron yoke as a
function of the excitation field;
 
 persistent currents magnetisation of the superconducting filaments.
Of the components above, the first two (geometric and iron magnetisation) do not
exhibit dynamic behaviour.  They are proportional to the excitation current.  The third, the
persistent current magnetisation, is in principle also of steady-state nature, but can show a
long-term variation as will be discussed later on.  Most important, the persistent currents
magnetisation has a large hysteresis that appears as a difference in the ramp-up and ramp-
down branches of the magnet loadline.  These three contributions, in the case of a perfect
magnet, will appear only on allowed harmonics, i.e. those permitted by the symmetry
conditions of the coil.  As discussed in Appendix 1, this is evident for symmetric geometry.  If
the iron geometry and superconductor properties also respect the magnet symmetry
conditions, the resulting magnetisations, both for iron and superconductor, will have the same
degree of symmetry and thus only contribute to allowed harmonics.
The steady-state properties of the field components are not the object of this chapter.
Still they are discussed here because, as we will see later on, all dynamic effects will cause a
deviation from this ideal situation, either through additional allowed harmonics, or because of
the appearance of non-allowed harmonics.  An example of the three different contributions in
steady-state can be clearly seen in the measurement of normal sextupole in a superconducting
dipole as shown in Fig. 1.  We have plotted there the normal sextupole component as
measured in steady-state conditions at different levels of current during the ramp-up and
ramp-down in an LHC dipole.  The average value of the normalised sextupole for ramp-up
and -down is constant for fields below approximately 6 T, according to the linear contribution
associated to the winding geometry.  Above 6 T we see that the average of the curves deviates
from the initial constant owing to the iron saturation.  Finally, the superconductor
magnetisation is responsible for the hysteresis in the two curves, also clearly showing the field
dependence of the magnetisation.  In the next sections we will add three additional effects of
dynamic nature:
 
 coupling currents (ramp-rate dependent) magnetisation in the superconducting strands and
cables;
 
 field periodicity, related to the current distribution in the superconducting cable;
 
 field drift during constant current plateaux.






















Fig. 1  Normal sextupole measured in
LHC dipole model (MTP1N2) at
different current levels in steady-state
conditions.  The currents were reached
with stepwise ramp-up and ramp-
down, the arrows mark the ramp
directions.  Note the three steady-state
contributions to the field, generated by
the winding geometry, the iron
magnetisation and the superconductor
magnetisation.
3. COUPLING CURRENT EFFECTS DURING RAMPS
As discussed in Appendix 2, eddy currents are induced in superconducting strands and
cables in the presence of a changing magnetic field.  The eddy currents tend to flow in the
superconductor, where they find virtually zero resistance, and cross over along the minimum
resistance path in the copper matrix of a strand, or in the contact points between strands in a
cable.  These eddy currents are the result of the electromagnetic coupling between filaments
or strands, and are often referred to as coupling currents in the superconducting strand or
cable.  As to the magnetic field in the bore, and for common accelerator operation with ramp
times much larger than the coupling currents time constant, we expect in first approximation a
cable magnetic moment proportional to the field ramp-rate and inversely proportional to the
transverse strand and cable resistances (see Appendix 2 for details).
The problem of the field distortion produced by coupling currents magnetisation was
tackled already during the ISABELLE project, when Courant [9] derived an analytical
approximation for the harmonics generated by cable coupling currents under uniform ramp-
rate in the single-layer, superconducting dipoles and quadrupoles.  Coupling currents
magnetisation is not an issue for the normal operation of accelerators like the Tevatron or
HERA, either because of the large interstrand resistance in the cable or because of moderate
ramp-rates, both resulting in small coupling currents magnetisation effects.  The problem was
not addressed extensively during the design and manufacturing of either accelerators.
For the Superconducting Super-Collider (SSC) ramped-field distortions associated to
coupling currents became again an issue, mainly because of the operating requirements on the
High Energy Booster (HEB) ring.  The SSC - HEB needed fast cycling times, and for this
reason the SSC prototype magnets were measured systematically sweeping the field with
different ramp-rates.  A typical result obtained from this type of measurements is shown in
Fig. 2.  There we show the normal sextupole in an SSC dipole prototype DCA312, as obtained
with a rotating coil measurement on-the-fly (as the field is changing).  As compared to the
steady-state conditions we see that the normal sextupole hysteresis amplitude depends now on
the ramp-rate.  We see here the first feature of ramped operation, namely that both ramp-up
and ramp-down branches are displaced by an amount approximately proportional to the ramp-
rate.  As shown in Fig. 2, if the harmonic coefficients are plotted in absolute terms (instead of
normalised units, as in Fig. 1) the amount of displacement is indeed a constant for a given













s) Fig. 2  Measurement of normal
sextupole during ramps at increasing
ramp-rates, in the SSC prototype
dipole DCA312.  The sextupole is
given here in non-normalised terms to
show the constant shift of the steady
ramp-up and -down branches (see also
Fig. 1 for comparison to a steady-state
measurement).  From [10], courtesy of
A. Devred.
.
This can also be shown by plotting the amplitude of the hysteresis cycle as a function of
the ramp-rate, as in Fig. 3 for the normal sextupole in the same magnet, measured at three
different positions along the magnet length.  The hysteresis amplitude varies linearly with the
ramp-rate.  In all the positions the intercept (the steady-state hysteresis amplitude) is the same,
as we would expect in a magnet with uniform superconductor properties in longitudinal
direction.  However we see here a second feature of ramped operation, namely that the ramp-
rate dependence of the amplitude of the hysteresis cycle can be a function of the longitudinal








Fig. 3  Amplitude of the
hysteresis cycle for the normal
sextupole measurement during
ramps in SSC model dipole
DCA312, at three different
longitudinal positions.  Note
how the intercept at the limit of
zero ramp-rate is identical for
all three positions.  The ramp-
rate depend-ence, on the other
hand, is clearly changing in the
three positions measured.  From
[10], courtesy of A. Devred.
The picture is however not complete.  In fact, an additional discovery from swept
measurements of SSC dipoles was that several magnets could show a ramp-rate dependent
hysteresis in the non-allowed harmonics.  This hysteresis, again with an amplitude
proportional to the magnet ramp-rate if given in absolute terms, disappeared in steady-state
conditions.  An example of this anomalous behaviour is shown in Fig. 4, where we report the
skew sextupole measurement in the same SSC dipole DCA312 mentioned previously.
As shown by several authors [7, 10–13], the ramp-rate dependent hysteresis is mainly
generated by the cable magnetisation due to coupling currents associated to a field change
normal to the broad face of the cable.  As mentioned above, and discussed more extensively in
Appendix 2, this magnetisation component is proportional to the field change rate, so that the














) Fig. 4  Measurement of
skew sextupole during
ramps at increasing
ramp-rates, in the SSC
prototype dipole
DCA312.  Same
conditions as in Fig. 2.
From [10], courtesy of
A. Devred.
indeed observed.  In addition the coupling currents magnetisation is inversely proportional to
the transverse resistance of the cable.  This last however is known to depend critically on
several factors, among them the surface conditions of the strands, their ageing, heat treatment
conditions during coil fabrication, and possibly the electromagnetic pressure on the strand
contacts at operation.  Hence in a coil we can have an arbitrary distribution of interstrand
resistances along the magnet length and within the winding cross section.  This distribution
does not necessarily respect the geometrical symmetries.  The consequence is that the
magnetisation can vary on a cable-by-cable basis within the winding and in principle all
harmonics can be present during a ramp.
As described in [11, 14], it is possible to reconstruct the distribution of the interstrand
resistance in a winding pack, based on the measurement of the ramp-rate dependent
harmonics solving an inverse problem based on models analogous to those discussed in
Appendix 2.  Such a procedure was followed for the SSC dipole DCA312, for which we have
reported the measurements in Figs. 2 through 4.  The results are reported in Fig. 5, where we
show the computed interstrand conductance (the inverse of the resistance) distribution that
explains the allowed and non-allowed harmonics measured.  The interstrand conductance
obtained from the reconstruction is indeed non-uniform in the winding, showing peaks close
to the midplane in the upper pole, a region which seemed particularly delicate being
coincident with the location of ramp-rate related quenches.  This magnet was examined in
detail, measuring the interstrand resistance by direct methods, and showed a satisfactory
correlation between the direct measurement and interstrand resistance reconstruction [15, 16].
Fig. 5  Interstrand-conductance
distribution in the SSC dipole
prototype DCA312, as
reconstructed by Devred and
Ogitsu [10].
Courtey of A. Devred.
4. FIELD PERIODICITY AND CURRENT DISTRIBUTION
In a longitudinal scan of the field performed in a HERA dipole using a three-axis hall
probe, Brueck et al. noticed that the local value of the sextupole was periodic along the length
of the magnet [17].  Figure 6 shows results of these measurements, obtained after a pre-cycle
 0 A – 5.5 kA – 50 A - 250 A (curve a).  The average sextupole was approximately on the
hysteresis curve as would be obtained measuring with a long probe, but the local value
oscillated periodically with a considerable amplitude.  After a subsequent cycle 250 A – 2 kA
– 250 A the average was shifted from negative to positive values according to the expected
variation of the magnetisation sextupole (see also Fig. 1 for comparison), but the amplitude of
the periodic pattern was practically unchanged (curve b).  Similar results were obtained
lowering the current to 100 A (curve c).  The periodic pattern disappeared as soon as the
magnet was quenched (increasing its temperature), proving that the periodicity was associated
with the superconducting state.
Fig. 6  Periodicity of the
normal sextupole as
measured by Brueck et al.
[17] in a HERA dipole.
Reproduced by permission
of IEEE.  © 1991 IEEE.
The most remarkable fact was however that the periodicity length was coincident with
the cable twist pitch, 95   2 mm in the case of the measurements shown.  Indeed, this is a help
in understanding the origin of this phenomenon, as we will discuss later on.  Motivated by the
discovery of this fine structure in the sextupole, other measurements were performed on
HERA, RHIC, ISABELLE, SSC and LHC dipoles [10, 17-24] using Hall probes and rotating
coils.  The periodicity was found in all dipoles tested, with an amplitude and phase strongly
dependent on the previous powering history of the magnet.  No systematic trend could be
observed comparing the results of different magnets, apart from the fact that the periodicity
did appear on all harmonics, on both skew and normal components, with oscillation
wavelength identical to the cable twist pitch.  We show this feature in Fig. 7 for an LHC
dipole prototype.
At constant current conditions the periodicity appeared to change, both in amplitude and
phase, exhibiting different time scales.  The fastest variations took place just after ramps on
typical time scales of the order of 100 to 1000 s, while the slowest changes could last several
hours and longer [17, 18, 23].
The explanation for the field periodicity is a non-uniform current distribution in the
superconducting cables.  If  we take a single superconducting cable and we assume that the
current distribution is not uniform, we see easily that scanning the cable the magnetic field is
stronger in positions closer to the strands with higher current and weaker when closer to
strands with lower currents.  A very clear experiment showing this behaviour was performed
by Verweij on a short length of Rutherford cable scanned by means of an array of Hall probes
[25].  The current distribution was driven in the experiment by a localised pulsed field.  The
situation in a magnet is similar, with all cables in the winding of the straight section having a
different current distribution, not necessarily related among each other.  Each cable
contributes an oscillating field in the magnet bore, containing in principle all harmonic
components.  The periodicity of this oscillating field is of course the cable twist pitch.  We
expect in this case a periodic pattern on all harmonics, allowed and non-allowed, as indeed we













































































Fig. 7  Measurement of local harmonics in the LHC dipole prototype MTP1N2, at
constant current condition at injection field (approximately 0.6 T) after precycling
the magnet to high field (approx. 8.5 T).  The measurement was performed by
scanning the magnet bore with a short rotating coil.
The reasoning above explains the presence of a periodic pattern in the field, but still
leaves us puzzled about the origins of the current distribution in a superconducting cable.  A
non-uniform current distribution in steady-state or transient operation can have several
possible causes, as discussed briefly in Appendix 2.  To demonstrate the existence of different
sources of current imbalance, measurements were performed on LHC dipole prototypes in
periodic powering conditions established ramping the magnet continuously with a trapezoidal
waveform [24].  The field periodicity was measured with an array of adjacent rotating coils.
The measurements showed that the longitudinal field periodicity could be separated into two
clear time scales.
On the slower time scale (larger than 1000 s) the field periodicity had large scattering
among different magnets but had little dependence on the length.  The faster time scale, in the
range of 100 to 300 s could be attributed to long-range coupling currents driven by the
variation of the field-change rate in the coil heads, a phenomenon similar to that evidenced in
the experiment of Verweij [25].  In the magnet heads the field has a strong variation along the
cable, so that the strands are not fully transposed with respect to the field changes.  This field
discontinuity produces long-range current loops diffusing into the straight part of the magnet
(see Appendix 2 and Refs. [26-28]).  A spectacular measurement of this effect is shown in
Fig. 8, where we plot the amplitude of the field periodicity as scanned in periodic conditions
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Fig. 8  Peak-to-peak amplitude of
the normal sextupole periodic
pattern as measured just after
current ramp-down in periodic
conditions in the LHC dipole
prototype MTP1EH.  Periodic
conditions were established by
cycling the magnet with a
trapezoidal waveform with ramp-
rate of 20 A/s.  Note the
symmetry with respect to the
magnet centre and the strong
contribution in the magnet ends.
The presence of a periodic pattern with such a short wavelength as the cable twist pitch
is of course of no major concern for the beam optics.  The particle will integrate the short-
scale field variation, sensing only the average value.  However, as we will discuss in the next
section, we believe at present that a non-uniform current distribution — visible through the
associated periodic pattern — bears consequences for the long term stability of the field.  In
addition the current distribution has implications for performance limitations during ramping
(see for instance [10]) that are not the object of this chapter.  Finally, a periodic variation of
the harmonics along the magnet length poses problems for the correct measurement of the
average value of the harmonic itself.  We will deal with this issue in Section 7.
5. FIELD DRIFT
An unexpected and surprising phenomenon during the first operation of the Tevatron
collider was the evidence of large chromaticity drifts during periods when the excitation
current of the magnets was constant [1].  Data of chromaticity taken from several stores of
different durations were converted into an equivalent sextupole change in the main dipoles.
The results are shown in Fig. 9, and clearly show that the deduced sextupole was drifting in
time during the injection porch.  This indirect evidence was supported by later direct
measurements on single Tevatron magnets [29-31] that indeed showed a decay of the normal
sextupole.
Fig. 9  Sextupole change during a
Tevatron injection, deduced from
chromaticity measurements in
different stores [1].  Reproduced
by permission of IEEE.  © 1987
IEEE.
At the restart of ramping, after the plateau, the sextupole returned to its original value in
a few seconds.  This sextupole snap-back could be observed in the Tevatron through collateral
effects, such as emittance blow-up and beam losses.  Tables were generated based on
independent magnetic measurements of dipole magnets and used in Tevatron to cope with the
variations of chromaticity [31, 32].
This puzzling behaviour motivated a parametric investigation on the effect of several
factors affecting the sextupole decay in the Tevatron magnets [29].  This study showed,
among other things, that the sextupole drift at injection was increased:

 pre-cycling the magnet at high operating current.  Higher precycle currents
corresponded to stronger drifts;

 increasing the duration of the precycle flat-top;

 repeating the pre-cycling procedure several times before the measurement.
In summary, the magnet seemed to show a memory of the previous powering history.
This memory could be erased only by quenching the magnet.  Because of the relevance for
accelerator operation, both in terms of correction of the drift and of machine reproducibility,
similar measurements were soon performed on the HERA production magnets [33], and on
SSC prototype magnets [34, 35].  Both confirmed the memory effects and the dependence on
powering history and in particular on precycle parameters such as maximum current reached
and flat-top duration.  Stops at intermediate field levels during the precycle and waiting times
before reaching the injection level, where measurements were performed, also affected the
sextupole drift [35].  Finally, Gilbert showed that a lower strand magnetisation was associated
with smaller sextupole drift [34].  As an example of the dependence of the sextupole drift on
the powering history, we show in Fig. 10 the measured decays of the module of the normal
sextupole in a HERA magnet, as a function maximum field reached during the precycle.  In
all cases an initial quench was used to erase all previous memory.  We see from there another
feature that was recognised soon, in the search of an explanation for the drift, namely that the
time dependence could be reasonably approximated by means of a single logarithmic decay,
with a slope depending on the powering history.
This logarithmic dependence seemed to suggest a thermally activated flux creep in the
superconductor (see Appendix 2) as the responsible mechanism for field decay.  However, the
early tentatives of explanation of the decay of the allowed harmonics based on flux creep
could not be confirmed owing to several reasons:
Fig. 10  Decay of the sextupole in a
HERA dipole at 0.23 T for different
values of the maximum field in the
initialising cycle:  quench – Bmax –
0.04 T – 0.23 T, from [7].  Courtesy
of P. Schmueser.

 the field drift measured in magnets was much larger than the expected variation based on
the flux creep rate measured in cables (see for instance [36] and [37] for data on flux
creep);

 the memory and precycle dependence effects mentioned above were not consistent with a
flux creep theory (flux creep in a superconductor does not depend on the powering
history);

 a temperature drop during the field drift at constant current could not completely stop the
harmonics variation [35] although it is known that a temperature decrease stops the flux
creep.
Because of the recognition of a systematic direction in the sextupole drift, independent
of the direction of the field ramp-rate, the early measurements on the Tevatron magnets had
already shown that the drift had to be associated with a slow change of DC magnetisation,
rather than with long time constants of cable eddy currents [30].  Brueck et al., measuring the
dipole component with a NMR probe and the other harmonics with a rotating coil, showed
that in addition there was a good correlation between the dipole and the sextupole decays in
the HERA dipole magnets [32, 38].  In all cases the field drift was in the direction of
decreasing cable magnetisation.  Present measurements on LHC dipoles [23, 39] have
confirmed that although the spread in the drift among magnets is large, all allowed harmonics
are affected by field drift in a systematic way, namely that corresponding to a decreasing
cable magnetisation.  On the other hand un-allowed harmonics do not have systematic
behaviour and the differences in drift among magnets translates in a spread with (ideally) zero
average.
The idea of a magnetisation loss during constant current plateaux and of its recovery at
the restart of a ramp also explains the appearance of the so called snap-back at the end of the
injection phase in Tevatron, mentioned earlier.  As shown in Fig. 11 for an LHC dipole
prototype, after the drift at injection the normal sextupole returns approximately to the initial
value within few mT of upwards ramps of the dipole field.  After the snap-back the sextupole
evolution follows the normal ramp-up branch, that is the curve that it would have followed
without a stop at the injection field.  The snap-back phase takes a limited field change, in the
case of Fig. 11 approximately 20 mT.  The speculation is that this field change re-establishes
the magnetisation pattern that was somehow perturbed during the injection plateau.  An
interesting feature is that this field change does not have to be concentrated at the end of the
injection plateau for the magnetisation to be re-established.  In the second measurements
reported in Fig. 10 the injection plateau was substituted with a very slow 15 mT field ramp
(approximated by single 0.7 mT steps).  Clearly the snap-back has nearly disappeared at the
end of the measurement time corresponding to the constant current injection plateau in the
previous measurement.  In fact, as we see from the details of Fig. 10, a series of mini-snap-
backs was generated coincident with each single current step in the approximation of the













































































Fig. 11  Decay and snap-back of the sextupole in the LHC dipole prototype
MTP1N2 at approximately 0.6 T (close to the nominal injection field) after a
precycle to 8.5 T – 0.04 T – 0.6 T.  The operating current is maintained in one
case constant (marked as current plateau) and changed in 1 A steps over 20
minutes, for a total of 20 A, in the other case (marked continuous ramp).  The
dipole measurement for the second case is shown on the second axis.  Plotted as a
function of time on the left, and as a function of the dipole measured on the right.
What is the reason of the decay of the magnetisation?  As we stated before, the decay
cannot be completely explained by a flux creep model.  In fact, the most plausible explanation
at the moment is based on the effect of current distribution and redistribution in the cable.
This idea, originated by R. Stiening [40], has been further expanded by later workers [7, 39].
In summary, any change of current distribution in a cable is associated with a periodic
variation of the local magnetic field (mostly the self-field) along the cable.  In turn any field
variation causes a change in the magnetisation state of the superconducting filaments.  It can
be shown [39] that the net change of the magnetisation of the filaments is always in the
direction of a decreasing absolute value of the average cable magnetisation.  This indeed
explains the systematic drift of the allowed multipoles in the direction of decreasing
magnetisation contribution.  The diffusion of the current profile in the cable has very long
time constants (an evaluation is given in Appendix 2) which are coherent with the
characteristic times observed on the field drift (hundreds of seconds and above).  Finally, the
internal field changes necessary to explain the drift of the harmonics observed is small, in the
range of 10 mT.  Such a field change can be generated in a typical Rutherford cable for
accelerators by a current redistribution among strands of some 10 A, a value which is also
coherent with the expected current imbalances, e.g. generated by the localised field variations
discussed in the previous section (see also Ref. [24] and Appendix 2 for the expected orders
of magnitude).
6. OTHER DYNAMIC EFFECTS
Superconducting magnets require, as conventional magnets, strong structural
components.  The high field generated in the bore is efficiently shielded by a large iron yoke.
And in addition to conventional magnets a cryostat with several thermal shields and complex
cryogenic connections for cooling and venting is required to insulate the cold mass from the
ambient temperature conditions.  All these components are metallic, conducting and
potentially they can house eddy-current loops.  This is indeed the largest source of possible
dynamic effects of origin other than superconducting cable magnetisation.  As in conventional
magnet technology care is taken to segment massive structural or magnetic components, such
as the laminated iron yoke.  Owing to the limited dynamic range of operation of
superconducting magnets (low dB/dt), and also because the superconducting cables are placed
in close proximity to the bore, all eddy current effects in conventional structures are orders of
magnitude below the effects discussed in the previous sections and, in first approximation,
can be neglected.
7. MEASUREMENT OF DYNAMIC FIELDS
The measurement of field and field errors in dynamic conditions in accelerator magnets
is not, by itself, a self-standing topic.  However, care must be used to extend the standard
measurement techniques, based on the use of rotating coils [41], search coils [42], Hall
generators [43] or NMR probes [44] to the case of time-varying fields.  A first boundary can
be traced based on the typical time scale of the field variation in connection with the
allowable bandwidth of the measurement system.  As we have seen the field dynamics in
superconducting magnets exhibits time scales ranging typically from some ms (the coupling
current time constant in a strand) to several hundred thousands of s (for current redistribution
along the cable length).  A time scale below 1 s usually prevents the use of standard rotating
coils and NMR equipment, because of the lower limit on the measurement cycle time.  The
fast field changes are therefore the typical domain of fixed pick-up coils.  On the other hand
for slow field changes, with typical time scales of the order of 100 s and above, the sensitivity
of the fixed coils is limited by the low voltage pick-up induced by the flux change rate as
compared to unavoidable noise sources.  Hence the domain of slow field variations is usually
covered by rotating coils and NMR devices.  Hall generators are DC devices with a fast
response time [43], as compared to all time scales expected in a superconducting magnet, and
can be used therefore in all relevant conditions.
We can trace a second line on the main interest of the measurement, namely whether we
are measuring the main field component, that is the magnet strength, or the higher-order
harmonics, i.e. the field quality of the magnet.  For measurements of harmonics the obvious
choice is the rotating coil method, that has superior accuracy on higher-order terms.  Both
NMR probes and Hall generators have a finite spatial resolution and are therefore quickly
bounded in the accuracy of the measurement of high-order harmonics.  Their application is
therefore limited to the main field component and the lower-order errros.  Fixed coils deliver
generally a combination of allowed harmonic components, and are also mainly suitable for the
main-field component, although measurements of changing field repeated at different angles
using a flat fixed coil can be used to reconstruct the field harmonics.  Note that this technique
needs reproducible conditions for the measurements.
A third boundary can be finally traced on the local or integrated nature of the
measurement, when referred to the longitudinal dimension of the magnet.  As an example we
are confronted with this problem when we try to map the field periodicity along the magnet
bore, as compared on the other hand to the measurement of the field and field harmonics
integrated along the whole magnet length.  The cable twist pitch, generally in the range of 10
cm, is the shortest scale appearing in a superconducting magnet.  Compared to this scale
NMR and Hall generators are small devices, and therefore suitable for local measurements.
Coils can be manufactured in lengths smaller than the cable twist pitch.  Practical problems of
coil winding impose a lower limit on the coil length of the order of some cm.
We give in the next sections a few practical examples of measurement devices and
techniques specifically tailored to dynamic integrated or local fields.  The principles of the
measurement devices themselves are not the object of this chapter and will be treated
elsewhere in the course, or can be found in the references quoted.
7.1 Measurements of ramped fields using a rotating coil
Rotating coils can be used for ramped fields with the limitation mentioned above,
namely that the time scale of the variation is longer than the measurement cycle time.  This is
the case, as an example, in the measurement of a superconducting accelerator magnet during
the nominal ramps from injection to maximum energy.  In this case an additional problem is
posed when the magnetic field has a significant change in one turn of the rotating coil.  To
demonstrate this fact, we can take as an example a radial coil of sensitivity Kn
rad
 rotating in a
time varying field [41].  The magnetic fluxed linked with the coil during a turn is given by:
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where we see the dependence of the terms on the rotating angle and time.  The voltage pick-
up is caused by a change in the rotation angle  (t) and by the variation of the harmonic




(t).  The result of the measurement is therefore a harmonic
function with changing amplitude.  This fact prevents the direct use of the Fourier analysis on
the measured fluxes, as now the harmonic coefficients sought at a given time t would be
polluted by the effect of their variation during the rotation time.  Ideally, the harmonic
analysis would need a set of angular points measured simultaneously, that is a snapshot of the
flux dependence on   at a given time.  On the other hand in the measurement we are scanning
the angles in sequence, forcibly at increasing time.  In spite of this difficulty it is possible to
recover the instantaneous value of the harmonic coefficients using a series of subsequent
measurements.  For what has been said above, the purpose of the analysis is to reconstruct the
value of the flux for all angles at a given time.  A table containing the value of the flux
measured at a given angle and time can be built taking subsequent, continuous measurements
(note that both time and angle must be read by the acquisition system).  This tables defines a
surface  (  ,t) that can be interpolated or fitted.  From this analytical approximation we can
calculate the flux at any given time [13].  This flux slice is then suitable for harmonic
analysis.  Such a technique has been used at SSC for the analysis of the ramped measurements
presented in Section 3.
An alternative and extremely simple approach is to operate the rotating coil system so
that subsequent measurements are taken changing the direction of rotation, in what has been
called a washing machine mode.  For a constant rotation speed we see at once that the average
of two subsequent measurements is identical to a linear interpolation of the  (  ,t) surface
referred to the average time between the two rotations.  As the average is an extremely easy
operation, this procedure can be implemented directly on the system that controls the
measurement.  This technique is used at CERN for the routine measurements of the LHC
magnets [23, 41].
7.2 Measurements of ramped fields using a fixed coil
Fixed coils are the basic measurement technique for time varying fields when the field
variation is too fast to allow the harmonic method.  The principle is extremely simple, the
voltage caused by the variation of the magnetic flux linked with the coil is integrated in time.
The calibrated coil surface is then used to derive the average field in the coil area.  Fixed coils
are clearly dedicated to the measurement of the main field component, and are used routinely
at CERN to measure the influence of cable coupling currents on the bending dipoles [26].
The fixed coil measurement can be obtained, as an example, holding a radial rotating coil in a
given position and sweeping the magnetic field.  This set-up is sensitive to the dipole and all
higher-order allowed harmonics.  Correction for the influence of higher-order harmonics,
mainly sextupole in this set-up, is generally not necessary owing to the dominance of the
dipole component.  If necessary, it can be applied either based on independent rotating coil
measurements of the harmonics, or repeating the fixed coil measurement at several equally
spaced angular positions and separating the harmonics via a Fourier decomposition.
As for higher-order harmonics, the influence of the cable coupling currents on the main
field component is proportional to the ramp-rate of the magnet.  This known characteristic
allows one to separate easily the coupling current effect from the steady-state current-field
characteristic of the magnet.  Several sweeps are taken at different ramp-rates and the magnet
current is used to synchronise the different sweeps.  At a given magnet current the cable
coupling current effect is then determined as the slope of the B(dI/dt) curve obtained plotting
the field reading vs.  the current ramp-rate.  It is worth noting that, because coupling current
effects are generally at least three orders of magnitude smaller than the main field itself, the
actual synchronisation of the readings requires much care in this type of measurement.  For
instance a systematic lag in the reading of the current with respect to the reading of the pick-
up voltage would also introduce an apparent deviation proportional to the ramp-rate that
would add to the sought effect.
7.3 Measurements of field periodicity with Hall generators
Hall generators have been used to measure the longitudinal periodicity of the sextupole
component and its time variation at HERA [17] and BNL [18].  The principle of the device, as
described by Brueck, [17], is to mount three hall generators on a probe, spacing them at 120  ,
and adjust the gains of their control amplifiers so that the sum of the signals is sensitive to the
sextupole and higher allowed harmonics only.  This is obtained by adjusting the gains so that
the dipole component of the field is cancelled.  The compensation ratio needed is of the order
of 10-4 to guarantee that the sextupole signal is not polluted by spurious dipole reading.  To
achieve this the Hall generators are temperature controlled, and must be carefully selected
[18].  The signal-to-noise ratio is finally increased using a lock-in amplifier.  The HERA
sextupole detector was equipped with a gravity sensor, thus allowing the adjustment of the
direction of the probe to measure the normal sextupole component only.  This arrangement
has the advantage of providing direct and fast measurements of local sextupole values, and
has been used to produce the measurements reported in Fig. 6.  The typical spatial resolution
is determined by the dimension of the active region of the Hall detector (approximately 5 mm
were achieved in the case of the HERA detector), while a time resolution of the order of 0.3 s
was achieved.  A final refinement consists in using two such sensors, spaced by half a twist
pitch [18].  The half-sum of the read-outs of the two sensors gives directly the average value
of the periodicity, independently of the periodicity amplitude and the position of the probe.
On the other hand the amplitude of the periodicity is obtained from the maximum of the
difference of read-outs obtained by scanning the magnet bore over a length of half a cable
twist pitch.
7.4 Measurements of field periodicity with rotating coils
Generally rotating coils are built with a long and slender geometry, and are used for
measurements of integrated fields over lengths much longer than the cable twist pitch.  Still,
pushing the winding technique, it is possible to manufacture coils with short length and
sufficient sensitivity to allow local measurements of the field and its harmonics.  The
advantage of such a technique, as compared to the Hall generators probe described in the
previous section, is that all harmonics can be obtained in a single measurement cycle.
Rotating coils of short length have been used, for instance, at HERA [17], SSC [10], and
CERN [23, 24].  A rotating coil of short length is of course identical in principle to its long-
length counterpart, apart from geometrical effects due to the coil ends that are now no longer
negligible as compared to the coil length.
The short coil provides the integral measurement of the field along its length, a good
approximation to the field value in its longitudinal centre of gravity when the length of the
coil is much smaller than the characteristic length of the field variation.  Coils for local
measurements have been built with typical length of the order of 20 to 40 mm, i.e. several
times shorter than the typical cable twist pitch.  One coil, or a compensated set, measures in
any case a single position.  The measurements of periodicity must be done then scanning the
magnet length, with the obvious drawback that it is not possible to distinguish the spatial and
temporal variations.  Therefore scans with a short coil are suited for known steady conditions
only.  This technique has been used to produce the periodicity results of Fig. 7.
In order to overcome this limitation an array of adjacent short coils has been developed
at CERN [45].  Each single coil is purely radial, 25 mm long, and is provided with a
compensation coil for the dipole suppression.  Seven such coil groups are mounted on a
support, covering a total length of 175 mm, and are read out simultaneously by a group of
digital integrators.  This probe, combined with the techniques discussed in Section 7.1, allows
ramped measurement of local harmonics, from which average and amplitude of the
periodicity can be reconstructed.  The results reported in Fig. 8 have been obtained with this
array of short rotating coils.
CONCLUSIONS
Among the dynamic effects treated here, coupling current effects have known origin, are
reproducible and, within certain limits, calculable.  They can introduce field distortions on any
harmonic component, and therefore must be controlled.  Their control in accelerator magnets
wound with Rutherford cables is based on the interstrand contact resistance and on its
uniformity, which in turn has deep implications on the manufacturing process.
Regarding the two other effects, field periodicity and field drift, the basic understanding
is there, but the modelling is much more difficult.  In particular the reproducibility of the
sextupole variations at injection is still a hot issue in the two superconducting accelerators
operating at present, Tevatron and HERA.  In both machines care is taken to limit the history
dependence and bring the magnet into a known, reproducible state, from where dedicated
procedures are used to correct the drift and the snap-back [31, 46, 47].  Because of the limits
on the prediction capability, the main approach followed nowadays in the characterisation of
superconducting magnets with respect to their injection behaviour is based on cold
measurements and their parametrization.
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APPENDIX 1. MAGNETIC FIELD IN ACCELERATOR MAGNETS
For accelerator magnets it is generally accepted, and indeed common practice, to
express the magnetic flux density B in the x-y plane normal to the beam using the following























where the coefficients C
n
 appearing above are the complex harmonic coefficients, and R
ref is
an arbitrary reference radius.  Equation (A1.1) implies that the field is 2-dimensional, with no
component along z.  This is usually the case for accelerator magnets that have long
longitudinal dimension compared to the winding cross section.  The harmonic coefficients C
n




Uppercase notation defines the coefficients in non-normalised terms, i.e. given in units
of T at the reference radius.  More commonly we refer to normalised coefficients, which we




In general the normalised coefficients are obtained for a normal magnet of order m






















44 1010 Cc (A1.4)
where the factor 104 is inserted for convenience, as field errors are generally small, typically
of the order of 10-4 of the main field component.  Although the normalised harmonic
coefficient are dimensionless, they are usually quoted in so-called units, a unit being the result
of the normalisation and scaling of Eq. (A1.4).
It is useful to recall here two expressions for the multipoles generated by a single
current line normal to the complex plane and placed at a co-ordinate R=R
x






















where I is the current flowing in z direction.  Similarly we can give the multipoles generated



























where m* denotes the complex conjugate of the quantity m.  Note that both a single current
line and a magnetic moment generate all harmonics.
Most superconducting accelerator magnets are enclosed in an iron yoke which increases
the field and shields the exterior from the intense magnetic field.  We can give the multipoles
generated by an ideal, infinitely large iron shell, with inner radius Riron and permeability 
C
,













































































Given the expressions above, we can see easily that a symmetry condition on the magnet
geometry and magnetisation results directly in restrictions on the orders that are allowed in the
harmonic expansion.  To demonstrate this we recall that a perfectly symmetric multipole
magnet of order m is such that the geometry of the winding and iron is rotationally symmetric
by the angle 
M
/m.  In fact after such a rotation we obtain an identical magnet if in addition we
invert the current direction.  We can express these symmetry conditions on a general harmonic
coefficient C
n
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where the primed coefficient indicates the value of the harmonic after rotation and we have
used a known property of the rotation of reference frame on the harmonic coefficients.  The






that is, when the harmonic order n is such that:Z [
n m k\ ]2 1 (A1.13)
where k is an arbitrary non-negative integer number.  The harmonics satisfying Eq. (A1.13)
are said to be allowed by the symmetry, while all other harmonics are un-allowed, that is not
permitted by the symmetry.
Finally, accelerator magnets are usually produced and positioned so that they generate a
pure normal or skew multipole of order m.  A normal multipole magnet has top-bottom
symmetry in the geometry and current.  As a consequence the magnetic field on the midplane
has strictly y direction.  This implies immediately that the imaginary (skew) part of any
allowed harmonic coefficient must be zero.  Similarly a skew magnet has top-bottom
symmetric geometry and antisymmetric current.  In this case the field on the midplane has x
direction, so that all allowed coefficients have zero real (normal) part.  The result is that in a
perfectly symmetric normal multipole magnet only the normal allowed harmonics are present,
and similarly for a perfectly symmetric skew multipole magnet, where only skew allowed
harmonics are present.
APPENDIX 2. SUPERCONDUCTING CABLE IN A MAGNETIC FIELD
For reasons of electrodynamic and thermal stability, technical superconducting materials
presently in use are manufactured in the form of twisted multifilamentary strands.  The
common choice for accelerator magnets is to cable the strands in flat, keystoned cables, of the
so called Rutherford type.  These cables offer the advantage of high compaction fraction with
minimal distortion and degradation of the superconducting strand, in conjunction with good
mechanical stability, achieving high operating current density in the range of 300 to 500
A/mm2.
Within the scope of this chapter we are interested in the contribution of the
superconducting cable to the magnetic field.  In general terms any superconductor behaves as
a diamagnetic material.  A field variation causes long-lasting eddy currents that tend to shield
the interior of the superconducting strand or cable.  Depending on the path followed, the
shielding currents can have a persistent nature (when they flow along a completely
superconducting path, e.g.  within a superconducting filament) or time dependent nature (if
they flow along a partially resistive path, coupling superconducting filaments or strands).
These current loops are associated with a magnetisation per unit volume M, defined here as:
M B H^ _ ` 0 (A2.1)
where H is the magnetic field and B is the magnetic flux density.  In the next sections we will
discuss the major sources of magnetisation in a Rutherford cable, taking the cable volume as
reference for the definition of M.
As we have recalled in Appendix 1, in accelerator magnets the field changes are usually
normal to the strands and cables and uniform along the magnet length.  We will therefore
limit the  treatment to the case of uniform normal field variations, neglecting the small errors
due to the real strand orientation in a cable.  We will assume in addition uniform cable
properties.  Hence the magnetisation will also be normal to the strand and cable, and will have
opposite direction to the field change.  For purely normal magnetisation we can obtain the
magnetic moment m associated with the unit volume magnetisation M simply multiplying this
last by the cross section of the cable.
2.1 Strand magnetisation due to persistent currents
Let us take an isolated superconducting filament exposed to a field change.  It will tend
to screen its bulk by means of currents flowing on its surface [48-52].  In an ideal
superconductor the screening currents would be confined to an infinitesimal layer, and thus
attain infinite current density.  In reality the current carrying capacity of a superconductor is
limited to the critical current density, function of the magnetic field and temperature.  The
screening of the filament bulk is obtained then by a finite thickness layer that grows from the
filament surface towards the interior as the field increases.  In this phase the magnetic field
penetrates from the exterior into the filament.  This penetration phase proceeds until the
screening layers have occupied all the volume available in the filament.  We say then that the
superconductor is fully penetrated, and the field at which this state is reached is called the
penetration field Bp.  A reversal of the direction of the field change will initiate a new
screening layer making its way towards the filament interior, removing the previous screening
current layer.  For a cylindrical filament, assuming that the critical current has a negligible
variation in the filament, we can compute analytically the magnetisation due to the screening
currents.  If the external field changes in a cyclic regime, each time reversing completely the
screening current patterns, we obtain that the change a M of the module of the magnetisation


























in the penetration phase, until the maximum trapped magnetisation is reached:
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and as implied by Eqs. (A2.2), (A2.3), we remark that full penetration is obtained in non-
virgin state after a field change twice as large.  Above we have used J
c
 for the field dependent
critical current density and D for the filament diameter.  The factor 
y
 is the ratio of
superconductor in the strand cross section, appearing because we have referred the
magnetisation to the unit volume of the cable (we neglect for simplicity voids in the cable).
As it appears from Eqs. (A2.2), (A2.3) the magnetisation associated with filament shielding
currents does not depend on the field change rate, consistent with the fact that the
superconducting currents are of persistent nature.  At constant field a magnetisation is trapped
in the filaments.  At the field reversal the trapped magnetisation reverses causing a large
hysteresis for field changes larger than the penetration field.
As we have stated above, the magnetisation trapped in the superconducting filament is
ideally of persistent nature.  In reality some small decrease can be observed monitoring the
magnetisation evolution as a function of time, a phenomenon called flux creep.  The first
measurement of flux creep by Kim et al. [53], was attributed by Anderson to a thermally
activated process [54].  Anderson showed in particular that the decay of the magnetisation is
proportional to the logarithm of time, a relation that has been confirmed experimentally on
accelerator cables [36, 37].
2.2 Strand magnetisation due to coupling currents
The filaments in a single strand are electromagnetically coupled [51], meaning that
magnetic flux changes transverse to the strand induce eddy currents that circulate in the
superconducting filaments and close resistively across the strand matrix.  For this reason these
currents are often called coupling currents.  Twisting of the filaments reduces the linkage of
field changes, and thus limits the magnitude of the coupling currents.  Similarly to an R-L
circuit, coupling currents are established and decay with a characteristic time constant |  that
depends on the twist pitch of the filaments in the strand lp and on the matrix (effective)
transverse resistivity }
eff.  For NbTi strands used in accelerator magnets this time constant is of
the order of 10 ms.
As for the persistent currents it is possible to calculate analytically the ramp-rate
dependent magnetisation of a circular superconducting strand subjected to a transverse field
change ~B .  Assuming that the coupling currents are fully established (i.e. for ramp times














proportional to the ramp-rate.
2.3 Cable magnetisation due to coupling currents
A superconducting, flat cable for particle accelerator magnets responds to field changes
in a manner similar to the filaments in a strand.  In this case the superconducting strands
themselves are coupled.  Coupling currents flow along the strands and cross-over at the points
where the strands touch each other.  We can identify at least two such type of contacts,
namely that of crossing strands, touching in a point, and that of adjacent strands, touching
ideally along a line.  It is customary to characterise the contacts through two resistances,
referred to a single contact of two strands, the transverse R
c
 and the adjacent R
a
 resistances.
Distributing the contact resistances along the length of the strand, Wilson [55] came to a
continuum approximation for the strand currents and found a solution for the magnetisation of
the cable associated to coupling current loops closing across the transverse and adjacent
contacts.  A different approach was followed by Morgan [56], who modelled the cable by
means of an equivalent electrical network after lumping the contacts at discrete points, and
found results similar to Wilson.  Both approaches were augmented in later works (see for
instance [57-59]).  In both cases the field variation was considered to be uniform in space, and
an infinite cable length with uniform properties was considered.  In addition the field variation
was assumed to last much longer than the time constants of the coupling currents.  In reality
these assumptions do not always hold in a magnet.  The field variation has significant
gradients both along the developed cable length and across the cable width.  Cable properties,
and in particular contact resistances, are not necessarily uniform along the cable length.
Finally joints and splices provide specific boundary conditions generating current diffusion
waves along the cable length.  All these phenomena do not allow a simple analytic treatment,
but can be tackled numerically (see for example [13, 26, 28, 60]).
It is still useful to recall the analytic results of Wilson to provide an estimate of the
magnetisation of the cable.  In the case of a homogeneous field variation ŁB  normal to the
wide face of an infinitely long cable with constant contact resistances a convenient expression






















where N is the number of strands, 

 is the aspect ratio of the cable (ratio of width to thickness)
and Lp is the cable twist pitch.  The first term in brackets originates from coupling currents
closing at the crossing of strands, while the second term is due to currents closing on adjacent
strands.  We see at once that as in general 
  
1, the second term can be neglected when the
transverse and adjacent contact resistances are of the same order of magnitude.  Under the
same assumptions above, for a uniform field variation //B  normal to the thin face of the cable













2.4 Non-uniformities and current distribution in cables
As mentioned in the previous section, a Rutherford cable does not necessarily have
uniform properties along its length, and is generally subjected to position dependent field
variations during operation in an accelerator.  In addition, joints and splices within a coil
cause electrical discontinuities and can introduce differences among the series resistances of
the strands.  All these deviations from the ideal conditions discussed in the previous sections
translate into a non-uniform distribution of current between the strands.  A current imbalance
in the strands of the cable can have several effects.  With regard to the main scope of this
chapter, a current imbalance is responsible for a periodic pattern in the field harmonics along
the length of an accelerator magnet.  In addition we believe that the changes in the current
distribution related to the generation and decay of the current imbalance are the main cause of
the long term drift of the magnetic field through the interaction of the local field in the cable
with the magnetisation of the superconducting filaments.
The general problem of current distribution and redistribution in a superconducting
cable has no simple analytical solution.  A simplified approach that has been repeatedly
followed is to consider the case of an ideal two-strand twisted cable, powered with a time-
varying current and subjected to a time-varying field [61-64].  Under the further simplifying
assumption of an infinite and uniform cable length it is possible to find a closed form solution
to this problem that can be used as a guideline in the interpretation of the more general case of
a full-size cable.  In the ideal two-strand cable with uniform and distributed transverse
conductance per unit length Gí it can be shown that the current in each strand satisfies a
diffusion equation with a diffusivity coefficient ¦   [7]:




where Lí is the inductance per unit length of strand.  In this approximation any current change
propagates along the two-strand cable from the voltage source points as a diffusion wave over






As we will evaluate in the next section, the characteristic time ª D can be extremely long,
in the range of several hundreds s and above.  In fact, this is a general characteristic of current
redistribution in a superconductor, namely the long time necessary to establish the steady-state
conditions.
The source points themselves, as listed previously, are associated with voltage
imbalances between the strands, either at the cable ends (joints and splice resistance
differences) or distributed along the cable (variation in the flux linkage with the field changes,
changes in the cable properties).  A case of  major interest for an accelerator magnet is that of
a localised field change rate ­B  transverse to the cable.  This is for instance the situation in the
curved ends of a long magnet, where the field and thus the field change rate are different from
the values in the straight part.  As shown by several authors (see for instance [63, 64]) each
discontinuity in ­B can be a source of long range coupling current loops.  Compared to the
previous section, where we have considered an infinitely long cable subjected to a uniform
transverse field variation, in the case of a localised ­B the currents coupling the strands do not
necessarily compensate after half a twist-pitch, owing to the lack of periodicity in the
impressed voltage.  Non-homogeneous cable properties can have a comparable effect on the
periodicity condition for the strand coupling [60] and also cause long-range currents.
Numerical models, based on the network approximation for the Rutherford cable
discussed in the previous section, are generally used to treat accurately the full-size cable
geometry in addition to an arbitrary distribution and magnitude of the 26-28, 60, 65].  Based
on results of numerical studies, Verweij has derived expressions for the magnitude ® I of the
long range currents caused by a localised field change.  They apply to Rutherford cables of
width w with uniform interstrand resistance R
c
, obtained by cabling N strands of diameter d
[25, 27] subjected locally to a variation of the field change rate ¯ ­B .  In the case that the
diffusion (characteristic) length © D is significantly smaller than the cable length, the current
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and the diffusion length of the current imbalance along the cable is:
© ¹
ºD






where º  is an effective strand resistivity that is used in the model to represent the longitudinal
electric field associated to current flow in or out of the superconducting filaments, and usually
taken in the range of 10-14 » m.
2.5 Orders of magnitude
To give an order of magnitude of the magnetisation associated with the different
components we can take a typical cable for use in the inner layer of the LHC main bending
dipoles [4].  The main characteristics of this cable are reported in Tab. 1.  Magnetisation in the
superconducting filaments will be largest at the lowest field levels (when the critical current
density is large).  On the other hand the magnetisation from the coupling currents will be
largest when the ramp-rate is highest.  For LHC particle injection is foreseen at 0.54 T, where
NbTi has a critical current density in the range of 20,000 A/mm2.  The highest ramp-rate on
the cables is of the order of 7 mT/s, of which we can take approximately 5 mT/s for both
components normal and parallel to the broad face.  If we compute the magnetisation
components as discussed in the previous sections we obtain:
¼
 filaments magnetisation (Eq. (A2.3)) 14 (mT)
¼
 filaments coupling currents (Eq. (A2.5)) 0.3 (mT)
¼
 cable magnetisation normal to the broad face (Eq.  (A2.6) 3.1 (mT)
¼
 cable magnetisation normal to the thin face (Eq. (A2.7)) 0.001(mT)
We see clearly that for this typical conductor design and operating conditions the
dominant magnetisation is due to the filament persistent currents.  Generally, in the range of
cable parameters given above, the magnetisation due to coupling currents within the strand,
and the cable magnetisation due to field changes normal to the thin face of the cable are
negligible.
To estimate the characteristic time, length and magnitude of a diffusing current
imbalance, we need a value for the interstrand conductance and inductance per unit length.  A
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Using now Eq. (A2.8) we obtain a diffusivity coefficient Ï  of the order of  0.46 m2/s.  If
we take a typical total cable length of 300 m, representative of a complete inner layer of an
LHC main bending dipole, the characteristic time for the diffusion of current along the cable
Ð
D, given by Eq. (A2.9), is then of the order of 2 Ñ  105 s, more than 50 hours.  The
characteristic diffusion length Ò D for a pointwise source of current imbalance, e.g. the coil
ends of the LHC dipoles where the transverse field change rate drops from 7 mT/s to virtually
zero, can be computed using Eq. (A2.11), from which we obtain Ò D Ó  1.3 m.  Finally, we can
estimate the current imbalance in a strand associated with the same discontinuity in ÔB using
Eq. (A2.10), from which we obtain that Õ I Ó  12 A.  This imbalance is significant if compared,
for example, to the average current carried by each strand during the LHC injection phase, of
the order of 30 A.
Table A2.1
Typical dimensions and major characteristics of a flat cable for the LHC dipoles.
Quantities are either nominal values (geometry) or expected range (electrical characteristics).
Strand
Diameter d (mm) 1.065
Copper:NbTi ratio (-) 1.6
Filling factor l (-) 0.38
Filament size D (mm) 7
Twist pitch lp (mm) 25
Critical current density Jc
    at 0.5 T, 1.8 K (A/mm2) Ö
 20000
    at 8 T, 1.8 K (A/mm2) Ö
 2000
Transverse resistivity ×
eff ( Ø  m) Ù  4.5 Ú  10-10
Cable
Number of strands N (-) 28
Cable dimensions
thin edge h1 (mm) 1.72
thick edge h2 (mm) 2.06
width w (mm) 15.0
Aspect ratio Û (-) 7.9
Twist pitch Lp (mm) 110
Cross contact resistance R
c (m Ü ) Ý  10
Adjacent contact resistance R
a (m Ü ) Ý  10
